Exposure to wood dust was measured among 26 carpenters at 13 building projects. Sampling days were chosen randomly. Individual tasks, based on technology applied and material used during a working day, were sampled separately. From these task-based measurements, 8 h timeweighted average concentrations were calculated. Sampling was performed in accordance with a protocol that was developed by the carpentry and furniture industry and which was especially designed for sampling of wood dust. Eight hours time-weighted average exposure to wood dust ranged from 0.8 to 11.6 mg m À3 with a geometric mean (GM) of 3.3 mg m À3 and a geometric standard deviation (GSD) of 2.1. The probability of exceedance of the OEL, when comparing the estimated concentrations against the Dutch OEL of 2 mg m À3 , was 75%. The highest exposures were measured during sawing of Cempanel sheets. Task-based measurements showed lowest exposures when working outdoors (n = 11, AM = 2.2 mg m À3 ), but even then 5 out of 11 task-based exposures exceeded 2 mg m À3 . Indoors the exposure was 5.2 mg m
INTRODUCTION
In 1999, the Dutch Maximum Accepted Concentration (MAC) for wood dust was lowered from 5 to 2 mg m À3 inhalable dust (as defined in NEN EN 481, 1994) , as a time-weighted average over a working day of 8 h (Arbeidsinspectie, 2003) . This new value was based on an advice of the Dutch Expert Committee for Occupational Standards (DECOS) from the National Health Council. DECOS advised a health-based recommended occupational exposure value of 0.2 mg m
À3
, based on irritation of the respiratory tract (DECOS, 1992) . The Committee on the evaluation of the carcinogenicity of chemical substances from the Health Council of The Netherlands calculated an additional lifetime risk of nasal cancer (based on linear extrapolation) of 1 in 250 at 5.8 mg m À3 and of 1 in 25 000 at 0.06 mg m À3 of wood dust, both for workplace exposure during a working life (40 years) (Health Council of the Netherlands, 2000) . The Committee recommends that hard wood and soft wood should be treated identically when deriving toxicology-based recommended exposure limits. As the calculation of cancer risk is based on linear extrapolation, it can be *Author to whom correspondence should be addressed. E-mail: spee@arbouw.nl concluded that at the recommended exposure limit the additional lifetime risk is 1 in 7250. In The Netherlands, all hard wood is considered a confirmed human carcinogen and soft wood is seen as a suspect carcinogen (Arbeidsinspectie, 2003) .
On the basis of a feasibility study for this recommended exposure limit (Tobé et al., 1995) , the Social Economic Council advised setting the limit value at a concentration of 2 mg m À3 (8-h TWA). The Minister followed this advice. However, in 2003 the wood trade and the government have agreed to strive for a limit value of 1 mg m À3 by 1 July 2006 (Staatscourant, 2003) . Meanwhile, the lowering of the limit value is suspended to 1 January 2007.
A wealth of wood dust exposure data have been collected in the wood and furniture industry (Scheidt et al., 1989; Beumer et al., 1991; Scheeper, 1994; Lohse et al., 1995; Scheeper et al., 1995; Tobé et al., 1995; Vinzents et al., 2000; Schlunssen et al., 2001; Vinzents et al., 2001; Hall et al., 2002; Mikkelsen et al., 2002; Fransman et al., 2003; Hursthouse et al., 2004; Rongo et al., 2004) . Especially the older studies show that the occupational exposure limit for wood dust is frequently exceeded, in particular in the furniture industry. Mechanical processing such as sawing with a circular saw, mechanical sanding, etc. leads to exposures well above the exposure limit. Information on exposure to wood dust at mobile work places, as in the construction industry, is however non-existent in The Netherlands and scarce in other countries. Recently, Kauppinen et al. (2006) have surveyed occupational exposure to inhalable wood dust in the 25 member states of the European Union. They estimate construction, with over a million exposed workers (33% of all exposed), to be the largest population at risk. They also estimate exposure to exceed 2 mg m À3 for 54% of all construction workers exposed. Teschke et al. (1999) analysed wood dust exposure data from the U.S. OSHA Integrated Management Information System. Out of 1632 samples taken from 1979 to 1997, only 23 (1.4%) were from the construction industry. Exposure ranged from n.d. to 538 mg m À3 (GM = 1.21, GSD = 10.5), compared to n.d. to 604 (GM = 1.86, GSD = 6.82) for all samples.
Nevertheless, several decades ago exposure to wood dust was already noticed as a potential health hazard in the construction industry in The Netherlands (BGBouw, 1985) .
For this reason, we performed a survey of the exposure to wood dust among carpenters in the construction industry. The objectives of the study were to determine exposure to wood dust and to see whether exposures were exceeding the OEL. Furthermore, we strived to determine which tasks contribute most to exposure concentrations and to identify possibilities to reduce exposure.
In the Dutch commercial and residential building industry there are about 11 000 companies, employing about 135 000 labourers. About 64 000 of these are carpenters (Blomsma, 2005) . Other jobs with possible exposure to wood dust are model makers, setters, wood working machine operators and carpenter/bricklayers. Some exposure to wood dust may occur among ceiling fitters, warehouse personnel, painters, scaffolding builders and assistants (Bloemhoff, 1994) .
Workplace exposures within the construction industry can vary considerably. In many cases, work is done in the open air and therefore a low exposure to wood dust can be expected. In other cases, however, machining of wood is done inside a building or in a sawing shed. Not only may the environmental conditions vary considerably, but also the nature and the duration of the tasks can vary extensively.
MATERIALS AND METHODS
Exposure to wood dust was measured among 26 persons at 13 building projects from 12 companies. General figures for the distribution of companies by number of employees are presented in Table 1 for the year 2002, together with figures for selected companies in this study (Blomsma, 2005) . These figures show that the selection of companies reasonably matches the size distribution of Dutch construction companies.
Sampling days were chosen randomly. Most workers were sampled twice on 1 day. In one case three samples were taken, and seven workers were sampled only once.
The tasks during the working day were sampled separately. The duration of the task-based measurements varied from 56 to 230 min. In total 44 taskbased measurements were performed.
From the task-based measurements, the 8 h timeweighted average exposures were estimated by weighting the task-based measurements by their duration. When the carpenters were not working on wood, for instance measuring, or bringing in material and equipment, the following values were used:
When the worker was at the work place, the background concentration as measured at the workplace was used. Sampling time for background concentrations ranged from 180 to 330 min; When the worker was not at the workplace, but for instance in a separate room for a break or in his car driving home, exposure was assumed to be zero.
From the individually estimated 8-h TWA concentrations the geometric mean (GM), the geometric standard deviation (GSD) and the probability of exceeding the exposure limit were estimated. For calculations on task-based measurements, the arithmetic mean (AM) was used. For one project, there was no area sample. The result of the sample from an identical project was used as a measure for background concentration.
Sweeping is not a normal task for carpenters; this is done by cleaners. However, at three of the projects, the carpenters have swept after work. On one occasion there was a sweeping team of two persons. These tasks have been sampled separately.
Personal and area sampling were performed in accordance with a protocol that was developed by the carpentry and furniture industry and which was especially designed for sampling of wood dust. This protocol prescribes a 6 mm sampling head (PAS-6) (Kuile, 1984) . Gilian HFS sampling pumps were used, operated at a flow of 2.1 litre min À1 . Dust was collected on glass fibre filters. Filters were weighed before and after sampling on an analytical balance (0.01 mg). Before weighing, filters were conditioned during 24 h in the weighing room. Temperature and relative humidity in the room were recorded. Calculations were made with SAS V8-02 for Windows software. Table 2 describes the companies in the study and the types of surveyed projects are summarized in Table 3 .
RESULTS
The activities during the measurements are summarized in Annex A. The location is mentioned only if an activity could be done indoors or outdoors. Additional activities are mentioned in brackets.
The results of the exposure measurements are presented in Table 4 .
It is not clear which activities contribute most to exposure. Exposures during jobs including sawing varied from 0.8 to 12.6 mg m À3 (n = 36). For other activities, except working with Cempanel, exposures varied from 1.6 to 5.7 mg m À3 (n = 5). Other circumstances, such as duration of the specific task within the job, and whether exposure is indoors or outdoors, eclipse the contribution of the activities.
By far the highest exposures were measured when Cempanel sheets were sawn. It must be kept in mind, however, that Cempanel is not only wood. The composition is 63.5% wood, 25% Portland cement 10% bonded water and 1.5% neutralizers (NBD, 2004) . But even then, measured exposures of 25.8 and 34.9 mg m À3 should be considered to be extremely high. High concentrations were also found when working with electric tools (Table 3 , activity 14 and 15). One high concentration was found when installing kitchen units, but during this measurement drilling in lime-sandstone took place at the same time.
Sweeping has been sampled separately. The results are presented in Table 5 . In these samples, other dust such as cement dust and sand may be present together with wood dust, but even when the dust is considered to be nuisance dust, these tasks yield very high exposures to inhalable dust.
The GM of the estimated 8-h TWA concentrations among this group of 26 construction workers was high and exceeded the OEL at 3.3 mg m À3 (range 0.8-11.6 mg m À3 ). The GSD of 2.1 was not extreme given the partly outdoor conditions (Kromhout et al., 1993) . Based on these parameters, the estimated probability of exceedance was 75% (using an OEL of 2 mg m
À3
).
DISCUSSION

Results of exposure measurements
Exposure to wood dust has been measured at a variety of jobs that are common in the construction industry. Measurements were performed at new developments as well as in renovation and at large and small companies. The variety of projects and of sizes of companies provided a representative picture of exposure to wood dust in the construction industry in The Netherlands. Long-term average exposure amounts to 3.3 mg m À3 , which is more than one and a half times the occupational exposure limit in The Netherlands. The probability of exceeding this OEL is high at 75%. This means that, on a random day, three out of every four carpenters will be exposed to a concentration above the limit for wood dust (2 mg m À3 ). For the future OEL of 1 mg m À3 this probability will be 95%, meaning that, on a given day, for 19 out of every 20 carpenters the exposure exceeds the limit value when no measures are taken to reduce exposure.
Recent studies in the wood manufacturing industry showed considerably lower exposures. In a study in the Danish furniture industry the average exposure to wood dust, measured with passive samplers, from 2362 personal samples from 54 factories was 0.93 mg m À3 (GM, GSD = 2.08) (Mikkelsen et al., 2002) . In a New Zealand plywood factory, the average exposure, measured with an IOM sampler, was 0.7 mg m À3 (GM from 57 samples, GSD = 1.9) (Fransman et al., 2003) . In small-scale enterprises in a developing country the average exposure to wood dust also measured with a PAS-6 inhalable dust sampler was similar to what was found in our study: 3.3 mg m À3 (GM from 281 samples, GSD = 2.5) (Rongo et al., 2004) . In these small mainly outdoor workshops no control measures were present to prevent exposure to wood dust like in our study.
The total sampled time was 8474 minutes. From this time, 21% was sampled when working outdoors. Seventy-three per cent of the time was sampled when working indoors and 6% of the time work was done indoors as well as outdoors. As can be expected, the lowest exposures were found outdoors (jobs 1-4). The AM of 11 task-based samples was 2.2 mg m
À3
. However, even when working outdoors 5 out of 11 task-based exposures exceeded 2 mg m À3 and 10 of them exceeded 1 mg m
. The AM of the 29 samples taken indoors was 5.2 mg m À3 and exposures when working both outdoors and indoors were highest (n = 4; AM = 16.2 mg m À3 ). Two of the samples yielded very high results; these were taken during the sawing of Cempanel.
It is well known that the PAS-6 sampler underestimates exposures at high wind speeds (>0.5 m s À1 ) (Kenny et al., 1997) . High wind speeds can be expected in this study when working outdoors, especially on a roof and this raises the question whether the exposure to wood dust has been underestimated. However, only 21% of the time consisted of outdoor work and the exposure was about half of that found indoors. So even when the 'real' exposure during outdoor work is 25% higher than found, this will raise the GM with only about 0.1 mg m À3 . During specific tasks such as sawing and sanding, Hursthouse et al. (2004) . However, when working with Cempanel, the background concentration in the working room was 3.0 mg m À3 , even though Cempanel was sawn outdoors. Presumably, the dust remaining on the material caused a high dust exposure indoors where the Cempanel sheets were mounted. Also in the workshop the background concentration was high, 2.3-3.0 mg m À3 . Exposure to dust during sweeping varied from 8.0 to 56.1 mg m
. Other dusts than wood dust could have been present on the floor, which makes it unlikely that the inhalable fraction consisted entirely of wood dust. High dust concentrations during sweeping are not uncommon (Riala, 1988; Spee et al., 1998) .
Reduction of exposure
The exposure data show that control measures should be taken to lower the exposure to wood dust in this industry. There are several possibilities:
Use of alternative materials. Work with Cempanel especially yielded high exposures to dust. Alternatives such as Multiplex board are more favourable in this respect. As Cempanel sawing led to exposure concentrations of more than 30 mg m À3 , and other sawing work indoors resulted in average exposure of $9 mg m À3 , a factor three reduction of exposure ). The situation will even improve more when Cempanel is replaced by nonwood-containing alternatives that can be brought to size with a knife, such as gypsum board.
Preparing material in the workshop. Compared to the building site, exposure to wood dust can be more easily controlled in the workshop. It has been estimated that optimal planning could result in preparation of 50% of the material tooled at the construction site, in the workshop (Arbouw, 2001) . At the construction site, this would mean a reduction of exposure with a factor 2.
Alternative equipment. Both use of a jigsaw instead of a hand-held circular saw and use of a flat sander instead of a belt sander yield a reduction of exposure with a factor 5 to 10 ( Thorpe and Brown, 1994; Noy et al., 2002) .
Local exhaust ventilation. Local exhaust ventilation on a hand-held sander reduces the exposure to wood dust with a factor 3 to 10 (Möller, 1994; Thorpe and Brown, 1994 ) and on a hand-held circular saw with a factor 3 to 4 (Noy et al., 2002) .
Good housekeeping and general ventilation. We found no data for the effect of general ventilation on exposure to wood dust. However, reduction factors ranging from about 2 to 4 are reported on exposure to dust form stony materials when applying natural general ventilation (Lumens and Spee, 2001; Golla and Heitbrink, 2004) Cecala et al. (2000) report reduction factors of 1.6 (40%), 1.6 (36%) and 2.8 (64%) with mechanical ventilation of 10, 17 and 34 air changes per hour. Based on these figures we estimate that a reduction factor about 2 can be attributed to natural ventilation by working with doors and windows open.
Several authors emphasize the importance of good housekeeping for reduction of exposure (Cecala et al., 2000; Vermeulen et al., 2000) . However, no quantitative data for reduction of exposure in woodworking could be found.
It can be concluded that a reduction of exposure concentration by a factor 2, which brings the mean exposure (GM) below the limit value, can be achieved relatively simply. A reduction with a factor 5, however, is needed to bring the probability of exceeding the OEL below 5%. Combination of several of the described control measures will enable this.
CONCLUSIONS
The long-term average exposure to wood dust among carpenters at construction sites was estimated to be 3.3 mg m À3 , which is more than 1.5 times the present occupational exposure limit in The Netherlands and more than three times the future exposure limit. This is considerably higher than current wood dust exposure in the wood manufacturing industry and is as high as wood dust exposure among woodworkers in the informal sector of a developing country (Tanzania). The probability of exceeding the OEL was very high at 75% and a reduction of exposure with a factor 5 is needed to bring this probability below 5%. With an OEL of 1 mg m À3 the probability of exceeding the OEL becomes 95% and reduction of exposure must be a factor 10. This reduction can be achieved with a combination of technical and logistical control measures.
